Alzheimer\'s disease (AD), the most common neurodegenerative disorder, is characterized by the accumulation of amyloid β (Aβ) peptide and the hyper-phosphorylation of tau protein. Increased levels of Aβ and phosphorylated tau, oxidative stress, inflammation, and cell death contribute to the neurodegenerative features of AD.\[[@ref1]\] Moreover, the overproduction of Aβ leads to Aβ-associated reactive oxygen species (ROS) production, inflammation, and cell death. The accumulation of Aβ is suggested to be the trigger of the neurodegenerative processes that lead to the development of AD. In addition, experimental evidence on this accumulation suggests links between deposition of Aβ, oxidative stress, and apoptosis associated with AD.\[[@ref2][@ref3]\] Although the mechanisms of neuronal cell loss in AD have not yet been fully revealed, increased oxidative stress\[[@ref4]\] and inflammation\[[@ref5]\] are considered important initiators/mediators of neuronal damage in AD. Not only does Aβ increase oxidative stress, but its generation is also increased as a result of oxidative stress, which in turn causes more oxidative damage.

The potential beneficial roles of dietary antioxidants have been emphasized in various diseases including AD. Plants and plant-derived products in foods contain antioxidants which are thought to provide health benefits in decreasing the risk of disease. Extensive studies have been focused on the positive role of fruit and vegetable polyphenols as free radical scavengers and in disease prevention.\[[@ref6][@ref7]\] Experimental evidence indicates that polyphenols have neuroprotective effects in animals.\[[@ref8]\] Plant seeds possess considerably stronger antioxidant activity. For example, Canadian black currant (*Ribes nigrum L*.) seed is a source of γ-linolenic acid and has a high content of antioxidants such as flavonoids, phenolic acid, *p*-coumaric acid, and tocopherol.\[[@ref9]\] Furthermore, flavonoids and phenolic compounds are now accepted as providing an anti-inflammatory function.\[[@ref10]\] For example, amygdalin (d-mandelonitrile-β-gentiobioside) in apricot seeds is one of the cyanogenic glycosides, possibly having antinociceptive and anti-inflammatory effects.\[[@ref11]\]

We recently conducted a large-scale screening of ethanol extracts from the dried plant seeds for inhibitory activity on tumor necrosis factor-alpha (TNF--α) *in vitro*.\[[@ref12]\] The study showed that some plant seed extracts effectively decreased TNF--α levels. Furthermore, it examined the effects on 2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging activities in the plant seed extracts, which clearly displayed radical scavenging activity. Considering these findings, in the present study, we investigated the effects of plant seed extracts on Aβ-induced neurotoxicity and on the regulation of cell death processing in hippocampus neurons (HIPN).

Materials and Methods {#sec1-1}
=====================

Reagents {#sec2-1}
--------

We purchased reagents from the following sources: HIPN (MB-X0403), nerve cell dispersion medium set, nerve cell culture medium from DS Pharma Biomedical Co., Ltd. (Osaka, Japan); (±)-catechin, 2',7'-dichlorofluorescein (DCF), 2',7'-dichlorofluorescein diacetate (DCF-DA), and 2-diphenyl-1-picrylhydrazyl (DPPH) from Sigma-Aldrich (St. Louis, MO, USA); mouse TNF--α immunoassay kit from R and D Systems, Inc. (Minneapolis, MN, USA). We obtained all other analytical grade (or highest grade available) chemicals from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Preparation of aqueous extracts from plant seeds (PSAE) {#sec2-2}
-------------------------------------------------------

Fifteen chosen plants were nine medical herbs (Japanese honeywort, luffa, rapeseed, Chinese colza, potherb mustard, Japanese radish, bitter melon, red shiso, corn, and kaiware radish) and six general commercial plants (common bean, komatsuna, Qing geng cai, bell pepper, kale, and lettuce). The seeds are sown in Japan from spring to summer, and these are cultivated plants. The dried plant seeds were collected from a local market in Japan. The dried materials were ground into a fine powder with a grinder (Labo Milser LM-PLUS, Osaka Chemical Co., Ltd.). Aqueous extraction was conducted on 10 g of each powder dissolved in 100 mL of distilled water and then boiled for 10 min. After boiling, the mixture was stirred for 60 min. The liquid layer of the mixture obtained was passed through a filter paper and the collected filtrate was stored below −20°C until use. When the filtrate was used in assays, each sample was brought back to room temperature, followed by filtration through a membrane filter (pore size 0.22 μm).

Determination of total phenolics {#sec2-3}
--------------------------------

We measured the total phenolic content (TPC) with a modified version of the Folin--Ciocalteu method\[[@ref13]\] using 0-30 mg/L chlorogenic acid as a standard. Briefly, 100 μL of the sample or standard was combined with 100 μL of Folin--Ciocalteu reagent and 100 μL of 2% Na~2~CO~3~ solution. We allowed the mixture to stand for 60 min before reading the absorbance at 750 nm using an Ultrospec Visible Plate Reader II 96 (GE Healthcare Ltd., Buckinghamshire, England) and calculating the concentration of PSAE as chlorogenic acid equivalents per gram of dried plant seed.

DPPH radical scavenging activity {#sec2-4}
--------------------------------

Employing the procedure described by Negro,\[[@ref14]\] we measured the free radical scavenging activity of PSAE, dissolving the PSAE in water to obtain a series of sample solutions of different concentrations. After mixing a sample solution (100 μL) with 100 μL of 800 μM DPPH--methanol solution and waiting for 30 min, we measured the absorbance of the sample solution at 520 nm against a blank. DPPH radical scavenging activity was determined as follows. The 50% inhibitory concentration (IC~50~; concentration of sample required to scavenge 50% of DPPH radicals) values were determined by the probit-graphic interpolation method for five concentration levels.

Cell culture {#sec2-5}
------------

HIPN was cultured for 4 days in a 96-well plate in neuronal cell medium and were maintained at 37°C in a 5% CO~2~ incubator. On day 4 after the preculture of cells, 4 μL PSAE was added to the culture medium (the concentration usable without inducing cytotoxicity for the purpose of preparing the cells *in vitro*). Cells were grown for 24 h under 5% CO~2~ at 37°C. Then, at 24 h after the addition, cells were further cultured for 24 h in a 96-well plate in a medium with or without Aβ (25-35).

Measurement of oxidative stress {#sec2-6}
-------------------------------

The levels of cellular oxidative stress were measured using the DCF-DA assay. HIPN were pretreated for 24 h with various samples, and then exposed to 10 μM Aβ (25-35) for 24 h. At the end of the treatment, the cells were incubated with 50 μM DCF-DA for 50 min and DCF was quantified with a fluorometer (Infinite F200, Tecan, Mδnnedorf, Switzerland) using 485 nm excitation and 535 nm emission filters. The results are given as percent relative to the oxidative stress of the control cells set to 100%. DCF-DA (%) was expressed as a percentage of the untreated control as follows: % DCF-DA = (fluorescence intensity of treated cells/fluorescence intensity of untreated cells) × 100.

Measurement of TNF-α concentrations in culture media {#sec2-7}
----------------------------------------------------

Quantitative determination of TNF--α production in the supernatants was performed by colorimetric enzyme-linked immunosorbent assay (ELISA) under the manufacturer\'s protocol. Supernatants of samples were added to ELISA plates to measure the cytokine content. The plates were analyzed at A~450\ nm~. The TNF--α level in each sample was calculated with the following equation: TNF--α (pg/mL) = A~450\ nm~/0.0019.

Assessment of cell viability {#sec2-8}
----------------------------

HIPN were seeded on a 96-well plate at a concentration of 2.66 × 10^3^ cells per well and either exposed or not exposed to the PSAE for 24 h. The cells were then exposed to 10 μM Aβ (25-35) for 24 h. After 24 h incubation, a 10 μL Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) solution was added and the culture was continued for 1 h under 5% CO~2~ at 37°C. A~450\ nm~ was measured. Cell viability (%) was expressed as a percentage of the untreated control as follows: % cell viability = (A~450\ nm~ of treated cells/A~450\ nm~ of untreated cells) × 100.

Statistical analysis {#sec2-9}
--------------------

We present all data as mean ± SD. The statistical comparison between the groups was carried out using either analysis of variance (ANOVA) or Student\'s *t*-test. *P* \< 0.05 were considered statistically significant.

Results and Discussion {#sec1-2}
======================

TPC estimation {#sec2-10}
--------------

TPC was expressed as milligram of chlorogenic acid equivalents/gram of dry matter \[[Figure 1](#F1){ref-type="fig"}\]. Significant differences were observed for TPC among the 15 plant seed varieties. TPC was in the range of 0.024-1.96 mg. A similar result was reported by Takeoka and Dao\[[@ref15]\] with regard to the phenolic content of almond hull (Nonpareil variety) extract. They indicated that the chlorogenic acid concentration of almond hulls was 0.425 ± 0.045 mg/g of fresh weight. However, our results for all seed extracts except those of the common bean were higher than theirs. Among the studied plant seeds, kaiware radish showed the highest phenolic content (1.96 mg) while the lowest content was observed in common bean (0.024 mg). The considerable difference observed between the results of phenolic content may be due to the presence or absence of volatile compounds.\[[@ref16]\] For example, two varieties of pumpkin seed are uniquely flavored and include different volatile compounds.\[[@ref17]\] In addition, phenolic compounds are a ubiquitous group of polyphenolic compounds of variable chemical structure present in vegetables, seeds, fruit, and fruit products.\[[@ref18]\] More than 4000 types of phenolic compounds have been isolated from various plants. There may be a difference in the phenolic content of every seed type due to differences in the phenolic compounds as explained above.

![Total phenolic content of aqueous extracts from the seeds of 15 dried plants marketed in Japan. Each end of the vertical bar represents the standard error of multiple (3) samples](JPBS-5-141-g001){#F1}

DPPH radical scavenging activity {#sec2-11}
--------------------------------

The extracts of 15 PSAE were compared for their scavenging activities on DPPH radicals \[[Table 1](#T1){ref-type="table"}\]. With regard to IC~50~ value, the highest scavenging activity was found in the extracts of rapeseed, Chinese colza (6.76 mg/mL) and the lowest activity was found in lettuce (67.5 mg/mL). The order of the scavenging activity was 8.91, 12.05, and 12.10 mg/mL for Japanese honeywort, potherb mustard, and red shiso, respectively. However, the scavenging activity of all extracts was less than that of (±)-catechin. The activity of rapeseed, Chinese colza was approximately 10 times higher than that of lettuce. The presence of coumarin as a major component of *Copaifera langsdorffii* seeds was demonstrated by Stupp, *et al*.\[[@ref19]\] Therefore, the higher scavenging activity of rapeseed, Chinese colza may be due to a high constituent of scavengers such as coumarins in the plant extracts.\[[@ref19][@ref20]\] The varied scavenging activity of PSAE may depend on the amount and type of antioxidants in seeds.

###### 

DPPH radical-scavenging activity in aqueous extracts from the seeds of 15 dried plants marketed in Japan

![](JPBS-5-141-g002)

PSAE effects on intracellular ROS in Aβ (25-35)-induced HIPN {#sec2-12}
------------------------------------------------------------

Some plant extracts have been reported to prevent ROS-induced apoptosis in cultured neuronal cells.\[[@ref21]\] We indicated that the dried plant seed extracts have antioxidant activities.\[[@ref12]\] We measured the levels of cellular oxidative stress using a DCF-DA assay. To find a protectant against Aβ-induced oxidative stress, we screened various plant seeds extracts using this assay. Exposure of HIPN to 10 μM Aβ for only 24 h resulted in a significant increase of ROS levels. On the other hand, intracellular ROS accumulation resulting from Aβ treatment was significantly reduced when the cells were treated with some plant seeds extracts as compared to those treated with Aβ only. Many plant seed extracts (9/15 PSAE) had high scavenging activities, and the highest protective activity was observed in bell pepper followed by kale, bitter melon, and corn \[[Figure 2](#F2){ref-type="fig"}\]. ROS scavenging activity of all extracts except komatsuna and Qing geng cai was higher than that of (±)-catechin. They protected HIPN from oxidative stress *in vitro*. These results indicate that nine PSAE can inhibit Aβ-mediated ROS production in the neurons. Because constituents of some plant seeds have antioxidant properties, it is suggested that inhibition of Aβ-induced ROS generation by the extracts may be due to the neutralization of ROS. For example, *Vitex negundo* Linn. (Verbenaceae) seeds include diterpenes. Rosmadial and carnosol, which are diterpenes, decreased the number and/or mobility of water molecules located at the polar head group region of the membrane phospholipids. Carnosol also strongly enhanced lipid order at the hydrophobic core of the membrane. These effects throughout the bilayer correlated to the stronger antioxidant capacity of carnosol to inhibit lipid peroxidation. Pérez-Fons, *et al*. suggested that these effects may contribute to membrane stabilization and hindrance of radical propagation, which may cooperate with the electron donor ability of rosemary diterpenes in protecting the membranes against oxidative damage.\[[@ref22]\] Our work may suggest a mechanism similar to the one they discuss.

![Effect of PSAE on ROS generation in Aβ(25-35)-induced neurons. The ROS production of control and PSAE is indicated by unshaded and shaded columns, respectively. Values are the mean ± SD of three measurements. ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05 compared with the controls](JPBS-5-141-g003){#F2}

Effects of PSAE on TNF-α secretions in Aβ (25-35)-induced HIPN {#sec2-13}
--------------------------------------------------------------

[Figure 3](#F3){ref-type="fig"} shows the effects of 15 PSAE on the secretion of pro-inflammatory cytokine TNF-α in Aβ-induced neurons. Kale, bitter melon, kaiware radish, red shiso, and corn treatments, significantly (*P* \< 0.05) inhibited TNF-α secretions in the Aβ-stimulated HIPN. In addition, komatsuna, rapeseed, Chinese colza, significantly inhibited TNF-α secretions. However, quite half of the remaining (7/15) PSAE did not significantly affect TNF-α secretions. The results suggest that kale, bitter melon, kaiware radish, red shiso, and corn have strong anti-inflammatory potential on Aβ-induced inflammation by decreasing TNF-α. However, different PSAE seem to have different effects on anti-inflammation in the presence of Aβ. On the basis of changes in TNF-α levels, kale treatment demonstrated the strongest anti-inflammation potential. In an *in vitro* study, the roots of *Brassica rapa* which belonged to the Brassicaceae same as kale were reported to have anti-inflammatory potential.\[[@ref23]\] Therefore, it may be that a compound similar to *B. rapa* is present in the kale seed. Among the 15 PSAE, bitter melon treatment exhibited the second greatest potential for anti-inflammation. Bitter melon is also reported to have anti-inflammatory potential via ferulic acid, which is the component of bitter melon, in splenocytes.\[[@ref24]\] Our results may also indicate a ferulic acid effect. Although our results are promising, the anti-inflammation mechanisms of kale and bitter melon require further clarification.

![Effects of PSAE on TNFαin Aβ(25-35)-induced neurons. The TNFαlevels of control and PSAE are indicated by unshaded and shaded columns, respectively. Values are the mean ± SD of three measurements. ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05 compared with the controls](JPBS-5-141-g004){#F3}

Effects of PSAE on cell viability in Aβ (25-35)-induced HIPN {#sec2-14}
------------------------------------------------------------

The neuroprotective effects of the 15 plant seed extracts were evaluated by CCK-8 assay, measuring the cell viability in Aβ-induced HIPN \[[Figure 4](#F4){ref-type="fig"}\]. Following induction of Aβ for 24 h, cell survival was reduced to 75.3% compared to the control. Of the 15 PSAE that were used to treat Aβ-induced neurons, all samples except Japanese honeywort showed enhancement of cell survival compared to the Aβ treatment. Luffa, komatsuna, rapeseed, Chinese colza, common bean, kaiware radish, bitter melon, and Japanese radish all showed enhancement of cell survival compared to the control level, amounting to 100% blockade of Aβ-induced cell death. The degrees of cell survival ranged from 102.5% (of the control level) to 159.7%. These were higher than the level of cell protection by 50 μM kaempferol and apigenin (Aβ-induced cell death decreased by ca. 81.5% and 49.2%, respectively).\[[@ref25]\]

![Effect of PSAE on Aβ(25-35)-induced cell death. Cell viability was assessed by CCK-8 assay. The cell viability of control and PSAE are indicated by unshaded and shaded columns, respectively. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 compared with the controls](JPBS-5-141-g005){#F4}

The nature of Aβ (25-35)-induced cell death is not yet clear. Kwon *et al*. have reported that danthron, a component of *Rumex japonicus*, senna, and aloe, attenuates Aβ-induced neurotoxicity in a murine cortical culture.\[[@ref26]\] Danthron reduced the neuronal injury induced by Aβ (25-35). Also, the authors suggest danthron treatment may, in part, reduce neurotoxicity related to Aβ by both dominant inhibitory effects on membrane lipid peroxidation and glutathione deprivation. The effect of 14 PSAE may employ a similar mechanism.

We examined the cytotoxicity and TNF--α secretion effects of 15 PASE in Aβ-induced neurons. The results show that all of them except Japanese honeywort protected against cell death, and that seven PSAE had additional anti-inflammatory effects. Kim *et al*. investigated the effect of water-soluble chitosan (WSC) on cytotoxicity and production of pro-inflammatory cytokines on human astrocytoma cell stimulated with Aβ (25-35).\[[@ref27]\] Although an anti-inflammatory effect of WSC may have been observed, WSC had no effect on cell viability. Though they prove an anti-inflammatory effect of WSC, our results indicate an anti-inflammatory effect by a mechanism unlike that of WSC, and we think that PSAE inhibits cell death. The neuroprotective effects of the 7 PSAE on Aβ (25-35) toxicity are probably based on both the protective effects on Aβ-induced neuron toxicity and pro-inflammatory effects. Anti-inflammatory effects are thought to play a particularly important role. Further studies are needed to clarify the neuroprotective effect of the samples *in vivo*.

Assessment of the relationship between TPC, antioxidant activity, inflammation, and cell viability {#sec2-15}
--------------------------------------------------------------------------------------------------

There was not a high correlation between the phenolic content, antioxidant activity, inhibition of inflammation, and improvement in cell viability. However, TPC was related with DPPH radical scavenging activity (*r* = 0.53, *P* = 0.01), cell viability (*r* = 0.27, *P* = 0.05), and TNFα level (*r* = 0.21, *P* = 0.05).

Some plant seeds include cysteine,\[[@ref28]\] glutathione,\[[@ref29]\] tocopherol,\[[@ref30]\] and phenolic compounds (flavanol, proanthocyanidins, anthocyanins, ellagic acid, ellagitannins, and flavonol glycosides).\[[@ref31]\] These compounds might be extracted from the seed which we used for this study. Previous study indicated that cysteine, glutathione, tocopherol, and phenolic compounds reduce and decolorize DPPH through their hydrogen donating ability.\[[@ref32]\] Thus, PSAE may possess a similar group of compounds with hydrogen donating ability which reduced DPPH \[[Table 1](#T1){ref-type="table"}\]. In other words, the reason why there was not the correlation that was very high between DPPH radical scavenging activity and TPC might be influence of the compounds except the phenolic compounds (*r* = 0.53).

In addition, previous studies showed that there is a potential relationship between antioxidant and inflammation inhibition in AD; this topic was reviewed recently.\[[@ref33]\] It is reported that polyphenols seem to be promising therapeutic tools for inhibiting ROS formation and arresting cytokine-mediated neuroinflammation in AD. This relationship has been studied in curcumin mainly. We assessed the correlation between TNFα level and TPC. The correlation that we observed was a weak relationship between TPC and TNFα level (*r* = 0.21). That is why phenolic compounds may inhibit inflammation, but probably may depend on the influence of the compound except phenolic compounds because the correlation between them is not so high.

We were surprised about the lack of correlation between intracellular ROS level and TNFα level or cell viability. We do not understand the reason why a high correlation was not seen between intracellular ROS level and TNFα level. However, it is reported that grape seeds promote production of TNFα.\[[@ref34]\] Some PSAE might have a similar effect. On the other hand, one plausible explanation is that intracellular ROS level controlled by some PSAE may be the optimal concentration to work as the enhancement of cell viability. Indeed, although intracellular ROS level often has been used to assess cytotoxicity in Aβ treated cells,\[[@ref35]\] previous studies reveal that ROS act as primary or secondary messengers to promote cell growth,\[[@ref36]\] and therefore may not be a consistently reliable indicator of cellular damage.

In summary, our results suggest that some PSAE offer protection against Aβ-mediated cell death by (1) reducing the generation of ROS and/or (2) inhibiting TNF--α secretions, and (3) attenuating other cellular damage. This effect of aqueous extracts could be due to the active compounds present in plant seeds, which may increase the capacity of endogenous antioxidant defenses and may modulate the cellular redox state. Some plant seeds may therefore reduce Aβ-mediated cytotoxicity, neuronal loss, and the risk of developing AD.

**Source of Support:** This study was supported by the research funds from Aichi Prefectural University

**Conflict of Interest:** None declared.
